A computational study of a bis-porphyrin-fullerene supramolecular complex designed for photovoltaic devices using semiempirical AM1 method is presented. The study of the frontier molecular orbitals in the ground state has revealed that porphyrin part is an electron donor moiety, while fullerene guest is an electron acceptor. The electronic properties of the excited singlet states of 1@C 60 add complex indicate electron transfer from porphyrin to fullerene moiety.
Introduction. Porphyrin-fullerene supramolecular systems and dyads have been extensively studied in order to examine donor-acceptor interactions. These systems are highly interesting in view of the possible supramolecular modulation of electronic properties of fullerenes.
[1] Donor-acceptor interactions within fullerene-porphyrin architectures are important for multi-component model systems designed for transmission and process of solar energy. [2] Various fullerene-porphyrin donor-acceptor dyads were reported [3] , [4] , [5] and photovoltaic cells based on a fullerene-porphyrin dyads exhibited good quantum efficiency. [6] , [7] Most of these supramolecular photocurrentgenerating devices are based on covalently linked components using fullerenes and porphyrins. There are also literature examples of self-assembled supramolecular donor-acceptor (D-A) model systems employing metal complexation, such as zinc-porphyrin (ZnP), ZnP-C 60 systems and DABCO [8] , [9] and bisZnP (D)-pyridine (A) systems. [10] , [11] It was found that dipyridine-linked acceptors can be assembled with two coordination bonds to bisZnP donors. [12] Time-resolved fluorescence studies showed that the coordination bonds between the donor and acceptor do not make significant influence on the electron transfer (ET).
[4] Therefore, supramolecular ET systems with coordination bonds can be treated in a similar manner as covalently linked D-A systems.
The aim of this computational study is to investigate self-assembled bis-porphyrin-fullerene supramolecular complex 1@C 60 add designed for photovoltaic devices. It is assembled from the recently synthetized bis-porphyrin 1 [13] , [14] possessing a semi-flexible polycyclic spacer and fullerene Diels-Alder adduct (C 60 add) (Shown below). This design was based on previously synthetized supramolecular systems possessing various linkers between two porphyrin rings which were employed in host-guest studies. [15] , [16] In order to understand the charge-separated behavior of the 1@C 60 add complex, we modeled ground state structure of the complex and investigated the spatial distribution of the frontier orbitals in ground and excited states.
Literature gives some examples of high level theoretical studies of electron-donor-fullerene complexes such as phthalocyanine-fullerene and chlorin-fullerene supramolecular complexes designed for a high efficiency photovoltaic devices using HF/3-21G calculations obtained by
Mizuseki.
[17] , [18] However, in this study, due to the size of molecular system studied, we used semiempirical AM1 method, which was proven to accurately model ZnPy complexes [19] and related rigidly, space separated bis-porphyrin supramolecular systems. 10, 11 The use of AM1 method to model large polycyclic systems has been justified by our research group [20] and other authors. Furthermore, conformations of C 60 adduct were computed and shown in Figure 3 . This adduct is able to adopt two nondegenerate boat conformations, namely, an extended conformer and folded conformer. We found that extended(linear) conformer is more stable by only 0.43 kcalmol -1 . Transition state for interconversion from linear to bent conformer was also located, possessing a single imaginary frequency of vibration (ν ≠ =-12 cm -1 ). Activation energy for this process (E act ) was estimated to be 4.48 kcalmol -1 , indicating very low interconversion barrier. These AM1 results are in good accordance with reported value for flipping of structurally related C 60 ball-and-chain adducts around cyclohexene ring that connects the polycyclic bridge to the fullerene cage. It was found that in solid state (X-ray) these adducts adopt the extended conformation. In solution both isomers are present and one isomer is by 0.65 kcalmol -1 higher in energy than the other. [22] Literature AM1 calculations has shown that the conformational energy difference between extended and folded conformations is small, with a slight preference for folded conformation (0.02-1.02 kcalmol -1 Frontier molecular orbitals [25] Molecular orbital analysis has been performed using AM1 semi-empirical method in order to gain insights into the intramolecular interactions and the electronic structure of 1@C 60 add complex, and results are combined in Table 1 . Table 1 are illustrated in Figure 5 . All decisive molecular orbitals of the complex are located on one of the components, i.e.
either on the porphyrin or on the fullerene subunit. The two porphyrin, one pyridazine and three fullerene frontier orbitals are visualized in Figure 5 . None of the investigated orbitals has a partial expansion of virtual orbital character into the fullerene subunit. The HOMO+6 and HOMO are of porphyrin character and correspond to the frontier orbitals according to the Gouterman four-orbital model for porphyrin.
[26] The energy of porphyrin HOMO is significantly higher than the energy of the fullerene HOMO (HOMO-8), thus assigning the subunit as the electron donor of the complex.
[27] Also the fullerene LUMO is lower in energy compared to the porphyrin LUMO (LUMO+8) by approximately 2.1 eV, assigning this unit as the electron acceptor. Therefore, charge-separate state of complex can be predicted to be Porph .+ @C 60 .-. [28] This result is in good agreement with experimental and computational results for other porphyrin-fullerene dyad systems. [29] , [30] Computational predictions of charge-separate state of complex were further corroborated by calculations of ZINDO/S//AM1 total spin density of 1@C 60 add radical anion. Results are depicted in Figure 6 revealing an electron transfer from porphyrin to fullerene moiety (i.e. Porph .+ @C 60 .-). 
Electronic excitations
Electronic excitation of the ZnP portion of 1@C 60 add complex by visible light, leads predominantly to the population of its first singlet excited state, 1 *ZnP, which is followed by rapid intramolecular electron transfer (k CS ) to yield a long-lived charge-separated state (Equation 1).
[31]
(1)
The electronic properties of the excited singlet states of 1@C 60 add complex are summarized in Table 2 as obtained by ZINDO/S-CIS(6,6)//AM1 calculations of its UV spectrum [32] . Table 3 ) has revealed that this computational method correctly predicts the experimentally observed red-shift of porphyrin Soret and Q bands upon complexation. Table 2 . ZINDO/S-CIS//AM1 Excitation energies (∆E in eV), dipole moments (µ in D), oscillator strengths (f), and characterization of the first excited states for the bis-porphyrin complex 1@C 60 adduct a characters describe the main configuration of the excitations Table 3 . ZINDO/S-CIS//AM1 Excitation energies (∆E in eV), dipole moments (µ in D), oscillator strengths (f) and characterization of the first excited states for ZnP a characters describe the main configuration of the excitations Conclusion. Semiempirical AM1 method was used to model bis-porphyrin "molecular tweezers"-fullerene complex designed for photovoltaic cells. The study of the electronic structure of this complex in the ground state has revealed that porphyrin is an electron donor, while fullerene guest is an electron acceptor moiety. The electronic properties of the excited singlet states of complex indicate electron transfer from porphyrin to fullerene moiety.
Computational details. All geometry optimizations were carried out with semi-empirical calculations using the AM1 Hamiltonian [33] , as implemented in the Gaussian 03 suite of programs [34] 
